INTRODUCTION
Staphylococcus aureus is a broad host-range pathogen that causes diseases ranging from toxic shock to mild skin infections in humans and mastitis in dairy cows [1] . S. aureus produces a variety of virulence factors including cytotoxins, hemolysins, nucleases, lipases, hyaluronidase, collagenase, and staphylococcal enterotoxins (SE) [1] . Recent studies have shown that most S. aureus isolates from bovine mastitis produce one or more SE, suggesting that SE have a role in pathogenesis of this infection [2] . SE are a prototypic group of microbial superantigens (SAg). Numerous studies have demonstrated that SAg induce extensive proliferation of T cells, typically mediated by cross-linking of the variable region of the ␤ chain of the TCR with MHC class II (MHC II) molecules [3, 4] . Costimulatory signals induced by interaction of CD28/B7 (CD80), CD18/ICAM-1 (CD54), and CD2/CD58 are required for maximal T cell proliferation [5] [6] [7] . Recently, we demonstrated that stimulation of bovine PBMC with a relatively low dose of SEC1 (5 ng/ml) for 240 h induces proliferation of CD4 ϩ and CD8 ϩ T cells. The CD4 ϩ CD25 ϩ T cell subset that developed following SEC1 stimulation exhibited immunosuppressive activity. Add-back experiments demonstrated that these cells could suppress the response of naïve T cells to a heat-killed, fixed S. aureus antigen. We concluded from these studies that the cells were likely bovine regulatory T cells (Tr) [8] .
APC provide critical signals in SAg-induced T cell proliferation. Despite their importance, limited information has been obtained regarding SAg-mediated changes in the phenotype and function of APC. Studies in humans and other animals have demonstrated that following exposure to SAg, APC produce high levels of proinflammatory cytokines and chemokines such as IL-1␣, IL-1␤, TNF-␣, IL-8, IL-10, IL-12, CCL3, and CCL5 [9 -12] . In mice, SEA and SEB induce acute migration of neutrophils to the site of injection. Expression of TNF-␣ and ICAM-1 preceded expression of chemokines [13] . Injection of SEB in mice induces the maturation of dendritic cells (DC), which up-regulate MHC II, CD40, CD80, CD86, and CD205 expression [14] .
Although the effect of SAg on bovine APC has not been well-documented, several approaches have been used to elucidate the proinflammatory effect of SAg in bovine mastitis. Soltys and Quinn [15] demonstrated that selective migration of CD4 ϩ T cells, ␥␦ ϩ T cell subsets, and neutrophils to the mammary gland occurs during staphylococcal mastitis. How-ever, the recruitment mechanism and functional characteristics of these cells were not determined. Kuroishi et al. [16] demonstrated that intramammary infusion of SEC1 induces a rapid migration of neutrophils into milk within 24 h. They also demonstrated that in vitro stimulation of bovine PBMC with SEC1 increased transcription of IL-8 and CXCL3 significantly.
The finding that SEC1 induces a strong, acute, proinflammatory, and chronic immunomodulatory response led us to postulate that unique phenotypic and functional changes also occur in bovine APC. As shown in the present study, exposure to SEC1 induces differentiation and functional alterations in APC, resulting in a phenotype characteristic of DC. These bovine DC exhibit properties that could influence the outcome of exposure to a SAg-expressing strain of S. aureus.
MATERIALS AND METHODS

Animals and reagents
Blood was obtained from purebred adult, healthy Holstein-Frisian steers (18 -24 months old) via jugular vein venipuncture. Animals were maintained according to the Association for the Assessment and Accreditation of Laboratory Animal Care and regulations established by the Animal Care and Animal Use Committee at the University of Idaho (Moscow, ID, USA). SEC1 was purified from cultures of S. aureus RN4220 (pMIN121) as described previously [17] . mAb used in phenotypic characterization by flow cytometry (FC), microscopic analysis, and blocking assays are listed in Supplemental Table 1 . Note that anti-human CD68 mAb, anti-pig CD163 mAb, and polyclonal antibody to human DC-specific ICAM-grabbing nonintegrin (SIGN) cross-react with the bovine ortholog of CD68, CD163, and DC-SIGN, respectively [18 -20] .
Cell stimulation
Total leukocytes or PBMC were obtained by density gradient centrifugation using Ficoll-Hypaque (Amersham Pharmacia Biotech, Uppsala, Sweden) according to standard techniques [17] . PBMC were adjusted to a concentration of 1 ϫ 10 6 cells/ml in complete culture medium [CCM; RPMI-1640 medium (Invitrogen, Gaithersburg, MD, USA), supplemented with 10% heat-inactivated FBS (HyClone, Logan, UT, USA), 2 M L-glutamine (Invitrogen), 100 U/ml penicillin/streptomycin (Invitrogen), and 50 M 2-ME (Sigma Chemical Co., St. Louis, MO, USA)] and cultured in tissue-culture polystyrene Petri dishes (Falcon, Lincoln Park, NJ, USA) for 6 h. SEC1 (5 ng/ml final concentration) was added, and the cultures were maintained up to 240 h. At designated time-points (3, 6, 9, 24, 48, 96, 144, 192 , or 240 h) nonadherent cells (non-Ac) were removed by washing three times with CCM. The remaining SEC1-stimulated Ac (sAc) were harvested, and culture supernatants, removed prior to washing, were frozen for use in other assays. Naive Ac (nAc) were harvested as described above but from cultures not exposed to SEC1.
FC analysis
nAc and sAc were analyzed by indirect immunofluorescence staining and FC. Briefly, nAc and sAc were incubated with the appropriate mAb at 4°C for 30 min, followed by incubation with isotype-specific, anti-mouse antibodies conjugated to FITC or PE (Invitrogen) at 4°C for 30 min in the dark. After washing, cells were analyzed with a FACSAria flow cytometer equipped with FACSDiva (BD Biosciences, Bedford, MA, USA) and Flowjo software (Tree Star, Ashland, OR, USA).
Microscopic analysis
For the phase-contrast microscopy assay, PBMC were cultured in tissueculture polystyrene Petri dishes in the presence or absence of SEC1 as described above. After removal of non-Ac, live images of nAc and sAc were obtained using a Nikon Eclipse TS100 inverted phase contrast microscope while viewing at 200ϫ, 400ϫ, or 600ϫ magnification (Nikon, Melville, NY, USA). In some experiments, nAc and sAc were fixed with methanol and stained with Wright-Giemsa solution (Sigma Chemical Co.). For fluorescence microscopy, PBMC (1ϫ10 6 ) were cultured in Lab-Tek chambered cover-glass slides (borosilicate cover-glass, Nunc, Rochester, NY, USA) in the presence or absence of SEC1. After thorough washing to remove non-Ac, nAc and sAc were labeled with anti-CD14 or an anti-DC-SIGN mAb, followed by labeling with an isotype-specific anti-mouse antibody conjugated to FITC or anti-goat antibody conjugated to Alexa Fluor 594 (Invitrogen). The cells were then fixed in 2% PBS-buffered formaldehyde. Fluorescence images were obtained with a Zeiss LSM5 Pascal confocal-scanning microscope equipped with a Plan-Apochromat 63ϫ/1.4 Oil DIC lens and Ar and HeNe lasers at 630ϫ or 1260ϫ magnification (Zeiss, Thornwood, NY, USA).
Quantitative real-time-PCR (QRT-PCR)
RNA was extracted from nAc or sAc (ϳ5ϫ10 6 ) using Trizol reagent (Invitrogen). First-strand cDNA was generated from 1 g RNA using Superscript II RT (Invitrogen) and oligo dT primers (Invitrogen). The RT reaction was performed in a 20-l vol, according to the manufacturer's specifications. Primers for QRT-PCR were designed with Primer Express Version 2.0 (Applied Biosystems, Foster City, CA, USA) based on GenBank sequences (Supplemental Table 2 ). The QRT-PCR reactions were conducted using the SYBR Green I dye master mix and an ABI Prism 7500 Real-Time PCR System (Applied Biosystems). QRT-PCR data were analyzed using Sequence Detector Systems software, Version 1. 
In vitro cell migration assay
The chemotactic activity of supernatants from PBMC (or media controls), cultured with SEC1 for various lengths of time, were measured using 24-well culture inserts (pore size, 3 m, BD Biosciences). Cell culture inserts containing 1 ϫ 10 6 total leukocytes in RPMI medium were added to individual wells. The cell preparations were cultured at 37°C for 30 min. Cells migrating through the membrane were harvested and counted using a hemacytometer after staining with Trypan blue. The distribution of various subpopulations, among the cells that migrated through the membrane, was analyzed by FC using mAb specific for CD2, CD14, or granulocytes.
Pinocytosis assay
nAc or sAc (192 h; 1ϫ10 5 ) were obtained from PBMC cultures and cocultured with FITC-Dextran particles of various sizes (40, 70 , and 500 kDa, Molecular Probes, Eugene, OR, USA) at 37°C for 30 min. After washing with PBS, FITC-Dextran uptake was analyzed by FC.
Autologous MLR
The autologous MLR is a useful in vitro tool for the investigation of T cell proliferation in response to stimulation with autologous non-T cells, for example, DC. To assess the T cell proliferation-inducing ability of Ac, autologous MLRs were performed. nAc or sAc at 192 h were harvested and washed three times (see above). The washed nAc were then labeled with mAb specific for CD2, B lymphocytes, or the TCR ␦ chain, followed by PE-conjugated, isotypespecific anti-mouse antibodies. The washed sAc were also labeled with mAb listed above, plus a CD14 mAb. After washing, the cells were incubated with anti-PE-labeled micro-beads (Miltenyi Biotec, Auburn, CA, USA) for 15 min at 4°C. Labeled cells were sorted by negative selection using a LS column (Miltenyi Biotec), according to the manufacturer's instructions. In some experiments, sorted sAc, harvested after 192 h, were treated with 2% PBS-buffered formaldehyde for 10 min to generate fixed sAc (fsAc). To enrich the naïve T cell (nTc) population, PBMC were allowed to adhere to polystyrene Petri dishes. Non-Ac were harvested after 6 h incubation in CCM. Cells were then labeled with mAb specific for CD14, B lymphocytes, or CD45R0. Labeled cells were sorted by negative selection as described above. As assessed by FC, CD14 ϩ , B lymphocytes, or CD45R0 ϩ cells were not detected among nTc in three separate experiments (data not shown). Various numbers (1ϫ10 3 , 5ϫ10 3 , 1ϫ10 4 ) of sorted nAc, sAc, or fsAc were seeded into the 24-well culture plates (Corning Life Sciences, Nagog Park Acton, MA, USA) containing nTc (1ϫ10 5 ) and then cultured for 96 h. Proliferation of nTc was assessed by incorporation of the [ 3 H]-thymidine assay. Briefly, [ 3 H]-thymidine (1 Ci/well) was added after 72 h of culture. Cells were harvested 18 h later. Incorporation of [ 3 H]-thymidine into cellular DNA was measured by liquid scintillation counting [17] .
For phenotypic analysis of cocultured nTc, these cells (1ϫ10 5 ) were cocultured with sAc (1ϫ10 4 ). Cocultures were maintained for 96 h and then labeled with mAb specific for T cell surface markers [CD4, CD8, ␥␦ TCR, CD25, CD26, CD45R, and CD62 ligand (CD62L)] as described above. In some experiments, nTc (1ϫ10 5 ) were incubated with CFSE (Molecular Probes) prior to coculture with sAc as described previously [8] .
To help assess whether proliferation of nTc induced by sAc could be attributable to the presence of residual SEC1 in sAc suspension, nTc (1ϫ10 5 ) were cocultured with sAc (1ϫ10 4 ) or nAc (1ϫ10 4 ) plus SEC1 (5 ng/ml) in the absence or presence of the mAb cocktails (anti-MHC II DR, DQ, and/or CD18 or CD11a, CD11b, or CD11c) or isotype control mAb at a 1 g or 5 g/ml final concentration. Cultures were maintained for 96 h. Proliferation of nTc was assessed by incorporation of [ 3 H]-thymidine as described above.
Statistical analysis
Data acquired in autologous MLR experiments were analyzed with the ANOVA test by calculating the differences of least square means (LSM) using SAS software (Version 9.1.2 for Windows, SAS Institute Inc., Cary, NC, USA).
RESULTS
Bovine monocytes differentiate into DC following stimulation with SEC1
FC was used to monitor the relevant phenotypes of SEC1-sAc. Prior to stimulation, the majority of nAc expressed CD14 and CD163 (Ͼ95%) or CD68 (56.1%), suggesting that they were monocytes or macrophages ( Fig. 1 and Supplemental Table 3 ). CD11a, CD11b, and MHC II were also expressed by these cells; however, they did not express CD1b ( Fig. 2A) . Interestingly, CD11c, a phenotypic marker typical of DC in humans and other well-studied animals, was expressed by these cells. The activation markers CD40, CD86, and CD172a were expressed. CD25, CD69, and CD80 were not detected (Fig. 2B) . Following exposure to SEC1 for 240 h, most sAc became negative for CD14, CD68, and CD163 (Ͼ90.7% at 240 h), whereas expression of DC-SIGN increased gradually (89.4%Ϯ2.3 at 240 h; Fig. 1 and Supplemental Table 3 ). Expression of CD11a increased until 96 h and then, decreased dramatically ( Fig. 2A) . Expression of CD11b and CD11c increased gradually until 144 h and then slightly decreased ( Fig.  2A) high . Although CD11c and CD1b are not DC-specific markers, the overall phenotype observed at 192 h was similar to DC in humans and other animals, suggesting that SEC1 induced differentiation of monocytes into DC.
Following exposure to SEC1, CD25 and CD69 levels in sAc increased gradually; CD40 and CD80 increased gradually until 144 h and then decreased (Fig. 2B) . The expression of CD172a increased slightly until 96 h and then decreased dramatically (Fig. 2B) . However, CD86 expression was not altered significantly throughout the culture period (Fig. 2B ). These observations suggested that SEC1 stimulation not only induced differentiation of monocytes into DC but also induced maturation of DC.
sAc develop morphological characteristics typical of DC
For phase-contrast microscopic analysis, bovine PBMC were cultured on polystyrene plastic cell culture Petri dishes and viewed with an inverted microscope. Prior to SEC1 stimulation, freshly prepared nAc appeared small and round in shape (Fig.  3, A and C) . Following stimulation with SEC1 for 192 h, sAc increased in size and developed long, fine dendrites (Fig. 3, B and D). Higher magnification (600ϫ) revealed that the enlarged cells characteristically contained an eccentric nucleus and an increased amount of cytoplasm (Supplemental Fig. 1A) .
For confocal microscopy, bovine PBMC were cultured on borosilicate cover-glass slides. Prior to SEC1 stimulation, freshly prepared nAc had irregular shapes with short, cytoplasmic processes, expressed high levels of CD14, and were negative for DC-SIGN (Fig. 3 , E, G, and K). Following Fig. 1 . Analysis of markers specific for monocytes, macrophages, and DC. Before or after bovine PBMC were stimulated with SEC1 (5 ng/ml) for 240 h, nAc or sAc were harvested and analyzed by FC using mAb specific for monocytes (CD14 and CD163), macrophages (CD68), or DC (DC-SIGN). In the 0 h row, dotted lines represent isotype controls, and solid lines indicate the results using mAb specific for the surface markers. In the other panels, dotted lines represent the data obtained at 0 h, and the solid lines represent the results obtained at the indicated time-points. The data shown are from a single representative experiment that was conducted three times.
exposure to SEC1 for 192 h, expression of CD14 was diminished or absent, whereas that of DC-SIGN was increased highly (Fig. 3, J and L) . Under higher magnification (1260ϫ), sAc showed numerous fine dendrites on the cell surface ( Supplemental Fig. 1B ).
SEC1 induces proinflammatory cytokines and a distinct chemokine response
Transcription of key proinflammatory cytokine and chemokine genes of nAc and sAc was analyzed by QRT-PCR. Transcription of IL-1␣, IL-1␤, and IL-6 increased within 3 h after stimulation (2.7-to 8.1-fold), peaked at 6 -9 h, and then decreased gradually. This effect was more dramatic for IL-1␤ after 48 h (decreased ϳ776-fold; Fig. 4A ). Transcription of TNF-␣ and GM-CSF also increased and persisted (2.7-to 12.8-fold; Fig. 4, A and B) . Transcription of IL-12 and IL-18 increased similarly until 48 h; transcription of IL-12 continued to increase (ϳ113.7-fold at 96 h), and that of IL-18 decreased gradually (Fig. 4B) . Transcription of IL-10, an anti-inflammatory cytokine, remained slightly below the basal level (Fig. 4B) .
Transcription of chemokines (the CXCL1, -2, and -3 family, CXCL6, and IL-8) associated with migration of granulocytes, particularly neutrophils, increased rapidly and peaked at 9 h (1.34-to 2.5-fold) and then declined to below the basal level by 48 h (Fig. 4C) . Transcription of chemokines (CXCL12, CCL3, and CCL8) also increased early and remained elevated (2.9-to 22.9-fold increase) during the entire period of culture (Fig. 4D) .
Chemokines induced by SEC1 induce differential leukocyte migration
The finding that SEC1 induces distinct chemokine responses, before and after 48 h of culture, suggested that the toxin might temporally induce dependent differences in leukocyte migration. Consistent with chemokine transcription results, cell migration assays demonstrated a strong induction of granulocyte migration by culture supernatants harvested up to 24 -48 h poststimulation (Fig. 5) . A gradual shift toward an increase in CD14 ϩ and CD2 ϩ cell migration and a corresponding decrease in granulocyte migration occurred with culture supernatants obtained from later time-points (at 96 -240 h). The total number of cells that migrated through the membrane and the frequency of CD2, CD14, and granulocytes in the preparations are presented in Supplemental Table 4 .
Pinocytosis by sAc is significantly higher than that by nAc Pinocytosis of FITC-dextran was measured as an indication of potential antigen uptake ability. Following coincubation with the FITC-dextran, the fluorescence intensity of sAc was significantly higher (1.2-2.3 log 10 -fold) than that of nAc (PϽ0.01; Fig. 6 ). Fig. 2 . Phenotypic characteristics of sAc. Before or after bovine PBMC were stimulated with SEC1 (5 ng/ml) for 240 h, nAc or sAc were harvested and analyzed by FC using mAb specific for several phenotypic (A) or activation markers (B). In the 0 h rows, dotted lines represent isotype controls, and solid lines indicate the results using mAb specific for the surface markers. In the other panels, dotted lines represent the data obtained at 0 h, and the solid lines represent the results obtained at the indicated time-points. The data shown are from a single representative experiment that was conducted three times.
sAc elicit a strong, autologous CD8 ϩ T cell proliferation response
One of the properties of DC is the ability to activate nTc. To test whether sAc induce proliferation of nTc, the autologous MLR was performed by coculturing nAc or sAc with nTc, which proliferated in the presence of sAc in a dose-dependent manner but in the absence of antigen ( Fig. 7; sAcϩnTc panel) . The proliferation of nTc promoted by sAc peaked at a ratio of 1:10 and was significantly higher than the response observed with nAc in the presence of 5 ng/ml SEC1. In contrast, neither nAc nor fsAc induced proliferation of nTc ( Fig. 7 ; nAcϩnTc and fsAcϩnTc panels).
FC analysis showed that the proportion of CD8 ϩ T cells increased dramatically from 18.0 Ϯ 2.3% to 53.5 Ϯ 4.8% (Fig. 8A) . This caused an inversion of the CD4:CD8 ratio from a normal ratio of 1.79 Ϯ 0.64 before the coculture to 0.45 Ϯ 0.28 after 96 h (Fig. 8A) . In contrast, the proportion of CD4 ϩ T cells decreased from 32.3 Ϯ 3.7% to 23.9 Ϯ 2.4%, and ␥␦ ϩ T cells were reduced from 34.3 Ϯ 4.2% to 10.9 Ϯ 2.7% after 96 h in the autologous MLR (Fig. 8A) .
To determine if the increased proportion of CD8 ϩ T cells in the autologous MLR was attributed to their enhanced proliferation, nTc were labeled with CFSE prior to the autologous MLR. As shown in Figure 8B , CD8 ϩ T cells proliferated to a greater extent than CD4 ϩ T cells (90.6% and 69.9%, respectively), as indicated by a reduction in CFSE staining. This indicated that the reversal of the CD4:CD8 ratio was a result of a comparatively more extensive proliferation of CD8 ϩ T cells rather than a reduction in the number of CD4 ϩ and ␥␦ ϩ T cells.
The phenotypes of proliferating CD4 ϩ and CD8 ϩ T cells in the autologous MLR were analyzed by FC (Fig. 9) . Expression of CD25 and CD26 (T cell activation markers) increased, and that of CD62L and CD45R (naïve T cell markers) decreased in both populations, indicating that CD4 ϩ and CD8 ϩ T cells were activated in the autologous MLR.
Role of MHC II and CD11/CD18 integrins in the autologous MLR
mAb specific for MHC II and CD11/CD18 integrins were used to determine the role of these molecules in activation and proliferation of nTc induced by sAc or SEC1. As shown in Figure 10A , T cell proliferation by sAc was essentially blocked completely by the anti-CD11b mAb (at concentrations of 1 or 5 g/ml), the anti-MHC II mAb (at 5 g/ml), or a combination of anti-MHC II and CD18 mAb (5 g/ml each). The anti-CD11a mAb (5 g/ml) alone also inhibited proliferation to levels of 18.6% compared with the isotype control (Fig. 10A) . However, anti-CD18 or CD11c mAb (5 g/ml) only inhibited proliferation to levels of 44.1% and 53.1%, respectively, compared with the isotype control (Fig. 10A) .
In contrast to proliferation induced by sAc, SEC1-induced proliferation of nTc was inhibited completely in the presence of the anti-CD11a or anti-CD18 mAb (at 5 g/ml; Fig. 10B ). Also, in contrast to proliferation induced by sAc, the anti-CD11b mAb resulted in only partial inhibition to levels of ϳ77.0% at 1 g/ml and 48.2% at 5 g/ml compared with the isotype control (Fig. 10B) . The proliferation response was not affected by adding isotype control mAb in either assay. 
DISCUSSION
Several lines of evidence suggest that SAg play a role in chronic staphylococcal mastitis [8, 13, [21] [22] [23] . The SEC1 dose and times of exposure used in this study were established to mimic the conditions in chronic mastitis. For example, it was shown that experimental intramammary infection by SAg-producing S. aureus isolates results in chronic infections lasting more than 2 weeks and SAg in the milk at the average concentrations of 2.5-5 ng/ml [16, 24] . We demonstrated previously that exposure of bovine PBMC to a low dose of SEC1 (5 ng/ml) for 144 h induces the development of CD4 ϩ CD25 ϩ Tr and CD8 ϩ CD28 -suppressor T cells [8, 23] . These results suggest that long-term exposure to a low concentration of SAg may more closely mimic chronic mastitis associated with SAgproducing S. aureus and is sufficient to induce proinflammatory and immunoregulatory responses. Thus far, efforts to elucidate the mechanisms of pathogenesis induced by SAg have focused primarily on their interaction with T cells. The goal of this current study was to extend our understanding of the effect of SAg on APC and the potential role of these cells in immunomodulation.
This study demonstrated that long-term exposure of bovine PBMC cultures to a representative SAg, SEC1, induces the development of cells with the morphology and phenotypic characteristics of DC, described in humans and other species [25] [26] [27] . The expression of DC-SIGN and loss of CD14, CD68, and CD163 shown by confocal microscopy and FC in this study strongly suggest that sAc were DC. Some of the observed differences in morphology of nAc and sAc were dependent on the supporting culture matrix. When cells were cultured on polystyrene plastic culture Petri dishes, nAc were round without cytoplasmic processes. Following stimulation with SEC1, the sAc developed long and fine but less numerous cytoplasmic dendrite-like processes. In contrast, when grown on borosilicate cover-glass slides, nAc developed short and thick cytoplasmic processes, and sAc developed numerous small, fine cytoplasmic, dendrite-like processes. Although the culture matrix used affects the morphology of differentiating monocytes, the change in the phenotype of the differentiated monocytes was consistent with differentiation into DC.
The mechanisms by which nAc differentiated into DC in this study were partially revealed. In other species, GM-CSF and IFN-␥ or GM-CSF and IL-4 induce differentiation of peripheral monocytes into DC with characteristics of myeloid CD11c ϩ DC1 or DC2, respectively [25, 28 -30] . Previously, we demonstrated that bovine PBMC exposed to a low dose of SEC1 induced strong transcriptional up-regulation of GM-CSF and IFN-␥ [8] , suggesting that these mediators may be involved in SEC1-mediated bovine DC development. Two subsets of bovine afferent lymph DC have been defined based on the differential expression of CD172a [31] . The CD172a ϩ and CD172a -DC subsets appear to be analogous to DC2 and DC1 in humans, respectively. This prediction is based on the ex- 
. This expression pattern was accompanied by the transcription of IL-12, which increased eight-to 16-fold until up to 48 h of culture and then increased dramatically to ϳ128-fold during the rest of the culture period. Taken together, the data suggest that a subpopulation of sAc developed into DC with the phenotypic characteristics of bovine CD172a -DC and human DC1 cells. Cytokines and chemokines play important roles in the acute inflammatory response and differential trafficking of leukocytes. Previous studies in other animal systems revealed that SAg induce a strong, acute, proinflammatory response, characterized by induction of TNF-␣, IL-1␤, IL-8, CXCL1, CXCL2, CXCL3, and CCL3 [13, 16, 24] . This study revealed that transcription of bovine proinflammatory cytokines and chemokines was up-regulated substantially, following stimulation with SEC1, for up to 48 h. Transcription of chemokines associated with mononuclear cell migration (CXCL12, CCL3, and CCL8) was sustained, and transcription of those associated with migration of granulocytes decreased gradually upon continued exposure of PBMC cultures to SEC1. CXCL12 is a strong lymphocyte and monocyte chemoattractant produced by activated monocytes [32, 33] . CCL3 is a monocyte and T lymphocyte chemoattractant [34] , and CCL8 is a monocyte chemoattractant [35] . A common feature of these chemokines is induction of differential migration of mononuclear cell subsets and association with chronic inflammatory disease [36 -39] . Consistent with our findings, studies in humans and rodents demonstrated that activated DC express chemokines related to mononuclear cell migration such as CCL2, CCL3, CCL4, CCL5, and CCL8 and down-regulate the receptors for inflammatory chemokines such as CCR1 and CCR6 [40 -42] .
The transcriptional change in chemokines by SEC1 stimulation was consistent with the in vitro cell migration patterns observed in this study, showing an initial migration of granulocytes followed by migration of mononuclear cells. SEC1 infusion into the bovine intramammary gland caused a rapid increase of granulocytes in milk within 24 h. Later, granulocytes decreased gradually, and CD14 ϩ monocyte and CD8 ϩ T cells in milk increased gradually (manuscript in preparation). This strongly suggests that long-term stimulation by SEC1 eventually induces preferential migration of mononuclear cells, possibly mediated by CCL3, CCL8, and CXCL12. It is noteworthy that the transcription of TNF-␣, which mediates production of chemokines by macrophages and expression of 4 Fig. 5 . Differential leukocyte migration induced by SEC1-stimulated PBMC culture supernatants. Leukocyte migration in vitro was assayed using 3 m pore cell culture inserts. Culture supernatants harvested at the designated times were added to wells and leukocytes (in RPMI medium) and to the cell culture inserts. Cells migrating out of the insert were quantified and characterized by FC analysis using mAb specific for CD2, CD14, and granulocytes. Dotted lines represent isotype control, and solid lines indicate the cells reacting with each mAb. No significant cell migration was observed with RPMI medium control (data not shown). The data shown are from a single representative experiment that was conducted three times. adhesion molecules on the endothelial cells [10, 43] , increased throughout the culture period in this study. However, transcription of other proinflammatory cytokines greatly increased early but decreased or returned to control levels of transcription at later times during the culture period. This suggests that TNF-␣ is the secondary mediator for the expression of CXCL12, CCL3, and CCL8 at later time-points.
One of the hallmarks of DC is their ability to induce proliferation of autologous nTc [44 -46] . This current study demonstrated that sAc have this ability and induce proliferation of nTc in the absence of antigen. Consistent with the prior observation that DC can induce proliferation of CD4 ϩ T cells via signaling through the MHC II and costimulatory molecules [46] , we demonstrated that sAc induced vigorous T cell proliferation through MHC II or CD11b. However, we also observed that sAc induced a more vigorous proliferation of CD8 ϩ T cells compared with CD4 ϩ T cells. This could, in part, explain the reversal in CD4:CD8 ratios in SEC1-stimulated PBMC cultures [8] .
Several lines of evidence in this study suggest that CD8 ϩ T cell proliferation observed in an autologous MLR assay was not the result of residual SEC1 bound to sAc. First, immunoblot analysis of sAc using hyperimmune, SEC1-specific antiserum (minimal detection limit of 1 ng/ml) indicated that SEC1 was absent or below detectable limits (data not shown). Second, the inversion of the CD4:CD8 T cell ratio occurs after only 96 h of coculture, which is much more rapid than the effect caused by SEC1, which occurred after 240 h, as we reported previously [8] . Third, despite the fact that SAg, present on paraformaldehyde-fixed APC, can induce T cell proliferation [47] , fsAc in this study did not induce proliferation of nTc. Fourth, the molecular mechanisms by which sAc induce proliferation of nTc differ from those of SEC1. As shown in Figure 10 , A and B, proliferation of nTc induced by sAc was inhibited completely by blocking MHC II or CD11b but not affected greatly by blocking CD18. In contrast, proliferation of nTc induced by SEC1 was inhibited significantly by blocking MHC II, CD18, or CD11a mAb.
Bovine mastitis caused by S. aureus is associated with an initial infiltration of neutrophils, followed by mononuclear cell migration [15] . Results in this study demonstrated for the first time that stimulation by SAg induces differentiation of ruminant monocytes into DC. The functional characteristics of DC induced by SEC1 suggest that DC could contribute to pathogenesis of staphylococcal mastitis by inducing temporally dependent chemokine responses that promote acute and chronic inflammation through differential leukocyte migration into the mammary gland and proliferation of CD8 ϩ T cells with a concomitant CD4:CD8 T cell ratio reversal. These findings, plus the prior demonstration of SAg-induced Tr upon long-term exposure, provide insights into how SAg could influence the outcome of colonization by SAg-producing S. aureus in ruminants and other species.
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